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Abstract 
Eight Cantonese vowels produced within a carrier phrase were obtained from 40 alaryngeal 
speakers (10 SE, 10 TE, 10 PA and 10 EL) and 10 laryngeal (NL) speakers. Acoustic analysis 
revealed that the F1 and F2 of Cantonese vowels produced by the alaryngeal speakers were 
greater than those produced by NL speakers, with the exception of F2 of the vowels /ɛ/, /i/ 
and /y/ produced by PA speakers, and F2 of the vowel /ɛ/ produced by EL speakers. This 
suggests a shortened vocal tract length as a result of laryngectomy. The vowels were 
identified by 20 naïve listeners in listening experiment, and confusion matrices were 
established. Alaryngeal speech was associated with a pattern of confusion that was similar to 
NL speech. Among the four types of alaryngeal speech, listeners tended to perceive more 
accurately for vowels produced by EL speakers. 
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Introduction 
Laryngectomy is the surgical removal of the entire larynx including the vocal folds, 
usually as a result of laryngeal cancer. After laryngectomy, the trachea is attached to a 
permanent opening, known as a tracheostoma, that is created in the anterior part of the neck 
for breathing (Ng, Kwok & Chow, 1997). Since the vocal folds, the phonatory device, have 
been removed, laryngectomees are not able to phonate as they did before the operation. In 
order to help laryngectomees regain phonation, different types of alaryngeal speech can be 
adopted after the surgery. They include the standard esophageal (SE), tracheoesophageal 
(TE), electrolaryngeal (EL) and pneumatic artificial (PA) speech.  
To prepare for SE phonation, air is inhaled in the upper part of the esophagus. Upon 
phonation, the pharyngoesophageal (PE) segment is set into vibration by expelling the air 
stored in the upper esophagus (Diedrich, 1999). In TE speech, a fistula is created between the 
trachea and the esophagus, and a unidirectional TE valve is inserted in the fistula. This 
procedure is known as tracheoesophageal (TE) puncture. During TE phonation, the 
tracheostoma will be blocked (usually digitally) so that air cannot escape from the lungs via 
the stoma, but enter the esophagus and set the PE segment into vibration (Diedrich, 1999). In 
EL speech, a transcervical electrolarynx which is a hand-held external device serves as the 
new sound source for phonation. The vibratory diaphragm of the electrolarynx is placed onto 
the anterolateral part of the neck. The sound generated from the vibration of the diaphragm is 
then shaped by the articulators. This results in different speech sounds (Shirley, 1994). In PA 
speech, the stomal end of the pneumatic artificial larynx is coupled to the tracheostoma and 
directed the exhaled air from the lung to the oral cavity through the mouth tube. As air passes 
through the pneumatic artificial larynx, the rubber reed is set into vibration by the pulmonary 
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air and this serves as the new sound source. The sound is then shaped by the articulators to 
produce different speech sounds (Shirley, 1994). 
Although phonation can be regained by the alaryngeal speech, alaryngeal speakers 
may still encounter a number of speech problems, which may be different for different types 
of alaryngeal speech. Ng, Gilbert and Lerman (2001) investigated speech produced by 20 
Cantonese SE and EL speakers and 10 laryngeal (NL) speakers. They found higher 
fundamental frequencies (Fo) associated with SE speakers than NL speakers, with similar Fo 
contours for NL and SE speakers, significantly reduced intensity, and longer vowel duration 
in SE and EL speech. Ng et al. (1997) compared the speech samples produced by 53 
Cantonese alaryngeal speakers using EL, PA, TE and SE speech. The PA speech was found 
to have better voice quality than SE and TE speech, and significantly less noise was 
perceived in PA than SE speakers. The EL speakers demonstrated very limited pitch 
variations. The articulation proficiency and the speech intelligibility were similar among the 
four types of alaryngeal speech. Ching, Williams and van Hasselt (1994) compared nine 
Cantonese alaryngeal speakers using EL, PA, TE and SE speech. Results showed that the PA 
and SE speakers were more efficient in signaling tonal contrasts than the EL and TE speakers.  
A number of studies compared the formant frequencies of vowel produced by 
alaryngeal speakers with that by NL speakers. Formant frequencies of vowels in alaryngeal 
speech could be predicted based on the source-filter theory (Johnson, 2003). The source-filter 
theory assumes that the laryngeal source and the supralaryngeal filter are independent of each 
other. The laryngeal source generates sound by the periodic openings and closings of the 
vocal folds. As the speaker changes the vocal tract shape, size, ends and length, the filtering 
properties of the supralaryngeal filter change. When the laryngeal sound source passes 
through the supralaryngeal filter of different filtering properties, different vowels can be 
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produced accordingly (Johnson, 2003). By assuming the vocal tract as a tube with uniform 
cross-sectional area, which is open at one end and closed at the other end, with a given length 
of the tube, the formant frequencies can be evaluated using the formula, Fn = (2n-1)*c/4L, 
where n represents formant number, c represents the speed of sound, and L represents length 
of the tube. However, during the production of a vowel, constrictions inside the vocal tract 
should be considered. Vocal tract with constrictions can be considered as two uniform tubes 
acoustically coupled with each other according to the tube model (Johnson, 2003). The two 
tubes would have different resonant frequencies due to their different filtering properties.  
The fundamental frequency (Fo), first formant frequency (F1) and second formant 
frequency (F2) are common acoustical parameters used to describe vowels. Fo correlates 
closely with the perceived pitch level pattern of the sound (i.e. intonation), which is 
particularly important for semantic distinction in tonal language like Cantonese (Ng et al., 
2001). F1 and F2 represent the resonance of the front and the back cavity in the tube model 
respectively (Johnson, 2003). In addition, F1 is inversely proportional to the height of the 
tongue, whereas F2 is inversely proportional to the frontness of a vowel (Johnson, 2003). For 
example, the front high vowel /i/ would have low F1 and high F2, back low vowel /a/ would 
have high F1 and low F2, and the back high vowel /u/ would have low F1 and F2.  
As the source-filter theory assumes independence between the laryngeal source and 
the supralaryngeal filter, if follows that in the case of laryngectomy, the removal of the 
laryngeal source should not affect the filtering properties of the supralaryngeal filter. By 
providing a new source of phonation, alaryngeal speakers should be able to produce vowels 
as other NL speakers do, with intact vocal tract filter properties and thus comparable formant 
values.  
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This hypothesis is supported by a number of studies about the vowel production by 
alaryngeal speaker. Schilling and Binder, and Beck as cited in van As, van Ravesteijn, 
Koopmans-van Beinum, Hilgers, and Pols (1997) revealed little differences on the formant 
frequencies of German vowels produced by SE speakers and NL speakers. Luchsinger as 
cited in van As et al. (1997) reported the same for Swiss vowels. 
However, a number of contradictory findings were also documented. Cervera, 
Miralles and Gonzáles-À lvarez (2001) investigated the acoustic characteristics of Spanish 
vowels, in CVCV word context, produced by 20 alaryngeal speakers using SE and TE speech. 
Significantly higher formant values were found in alaryngeal speech than in NL speech. van 
As et al. (1997) investigated the formant characteristics of Dutch vowel produced by 17 TE 
speakers. The vowels were presented in CV nonsense syllables and in stressed syllables in 
read-aloud text. The results indicated F1 in nonsense syllables were comparable in TE and 
NL speech, but it showed higher F2 for /a, i/ but lower F2 for /u/ in TE speech than in NL 
speech. The result also revealed significantly higher F1 and F2 in read-aloud text in TE 
speech than in NL speech. Sisty and Weinberg (1972) revealed consistently higher formant 
frequencies of English vowel in [hVd] context in SE and TE speech than in NL speech. Kytta 
as cited in van As et al. (1997) reported higher formant values of all Finnish vowels in SE 
speech than in NL speech except the F1 of /u, , /. In order to verify the contradictory 
documentation and the application of the source-filter theory, the current study evaluated the 
F1 and F2 associated with vowels produced by different types of alaryngeal speakers. Based 
on the source-filter theory, it is hypothesized that F1 and F2 of vowels produced by 
alaryngeal speakers would be comparable to that by NL speakers.   
Although there have been a number of studies investigated the vowel production by 
alaryngeal speakers of different languages, few studied those of Cantonese. In Cantonese, 
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there are eight contrastive vowels, including seven long vowels (/a, , i, , u, , y/) and one 
short vowel (//). The short vowels /, , / are the allophones of the long vowel /i, , u/ 
respectively (Stokes & Wong, 2002). In order to contribute to our knowledge of alaryngeal 
speech, especially to that of a tone language such as Cantonese, the current study would 
narrow the scope of investigation to the production of the eight Cantonese vowels. 
 
Method 
Participants 
Forty alaryngeal (10 SE, 10 TE, 10 EL, and 10 PA) speakers recruited from the New 
Voice Club of Hong Kong, and 10 laryngeal (NL) speakers participated in the study. All 
participants were adult male speakers of native Cantonese with no known history of speech 
and hearing problem, except those associated with laryngectomy for the alaryngeal speakers. 
The EL speakers were with ages ranged from 49 to 79 years, and a mean age of 65.3 years. 
The duration of using of EL speech ranged from 3.25 to 22 years, with a mean of 9.2 years. 
The PA speakers were between 51 and 82 years of age, with a mean age of 69 years. The 
duration of using PA speech ranged from 1 to 17 years, with a mean time of 6.9 years. The 
SE speakers ranged from 47 to 75 years of age, with a mean age of 64.8 years. The duration 
of using SE speech ranged from 3 months to 18 years, with a mean of 7.6 years. The TE 
speakers, their ages ranged from 49 to 84 years old, with a mean age of 71.2 years. The 
duration of practicing TE speech ranged from 2 to 15 years, with a mean time of 5.75 years. 
The NL speakers were with ages ranged from 56 to 75 years, with a mean age of 61.8 years.  
Procedures 
 The speech materials consisted of the eight Cantonese vowels /a, , , i, , u, , y/. 
During the experiment, the participants were required to read aloud the vowels in a carrier 
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phrase context /35 jiu33 tuk2 ___ pei35 nei33 t
h
e55/ (“I want to read ___ to you”). Using such 
carrier phrase, the targeted vowel were produced after a stop consonant /k/ and followed by a 
stop consonant /p/. This enabled the investigator to clearly identify the acoustic waveform of 
the target vowel during acoustic analysis. The subjects were required to produce each vowel 
three times in order to balance the individual differences. To avoid the order effect, the order 
at which the vowels were produced was randomized.  
The speech samples were recorded by using a high quality microphone, amplified by 
using a high quality preamplifier (Bruel & Kjæ r Type 2812 MKII Two Channel Microphone 
preamplifier) and recorded by using an MD recorder (Sony MZ N710) for both perceptual 
and acoustic analyses. Before the recording took place, the participants were provided with 
practice time to familiarize themselves with the recording format and speech materials. To 
ensure the naturalness of productions, the speakers were instructed to produce the speech 
samples at a comfortable loudness and pitch level. 
Acoustic Analysis 
Speech samples were analyzed by using Praat which is a signal analysis software 
package. Waveform measured by Linear Predictive Coding (LPC) at a window length of 25 
milliseconds and wide-band spectrogram measured by Fast Fourier Transform (FFT) at a 
window length of 5 milliseconds of the speech samples were displayed and formants were 
measured. To avoid initiation and termination effects, only the medial 80% of the vowel was 
used for acoustic analysis. The frame-by-frame F1 and F2 values of the same vowel were 
averaged and used to represent the average F1 and F2 values of that particular vowel. The 
results among different types of alaryngeal speech and NL speech were compared. 
To evaluate for intra-rater and inter-rater reliability, 20% of the speech samples were 
randomly selected from the entire data corpus, and F1 and F2 values of the selected samples 
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were analyzed again by the investigator and a second investigator. The results were compared 
with the first F1 and F2 measurements. Pearson Product Moment Correlation coefficients (r) 
were calculated to reflect the intra-rater and inter-rater reliability of F1 and F2 measurements. 
Perceptual Analysis 
A group of 20 naïve listeners who were unfamiliar with alaryngeal speech of any type 
was recruited for the listening task. The listeners were native Cantonese speakers with no 
known history of hearing problems. The stimuli recorded were mixed and presented to the 
listeners in a randomized order at a comfortable loudness level via high-quality headphones. 
During the listening experiment, the listeners were required to choose the syllable among the 
eight Cantonese vowels upon listening to the stimuli. The listeners were provided with 
practice time to familiarize themselves with the stimuli and the format of the listening task. 
The results of perceptual analysis were compared with those of acoustic analysis and were 
used to reflect the relationship between the acoustic properties of Cantonese vowels and their 
perception.  
To evaluate for intra-rater reliability, 20% of the speech samples were randomly 
selected from the entire data corpus, and the selected samples were rated again by the 
listeners in the listening experiment. The results were compared with the responses from the 
first run of the listening task. The inter-rater reliability was evaluated by comparing the result 
among the 20 listeners. Pearson Product Moment Correlation coefficient (r) was calculated to 
reflect the intra-rater and inter-rater reliability of the perceptual analysis. 
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Result 
Reliability of Measurements 
 For intra-rater reliability, the average absolute error values and Pearson Product-
moment Correlation coefficients of F1 measurements are 7.76 Hz and 0.998 respectively, 
whereas that of and F2 were 25.05 Hz and 0.992 respectively. For inter-rater reliability, the 
average absolute error values and Pearson Product-moment Correlation coefficients of F1 
measurements are 17.29 Hz and 0.974 respectively, whereas that of and F2 were 48.25 Hz 
and 0.954 respectively. 
Pearson Product-moment Correlation coefficients of the intra-rater and inter-rater 
reliability of perceptual analysis were 0.801 and 0.835 respectively. They indicate that the F1 
and F2 measurements obtained from the primary investigator were reliable and consistent. 
Acoustic Analysis 
The mean and standard deviation for F1 and F2 of Cantonese vowels produced by the 
five speaker groups are presented in Table 1. In general, the formant frequency values for all 
alaryngeal speakers are higher than the laryngeal (NL) speakers, with the exception that F2 of 
//, /i/ and /y/ for PA speakers, and F2 of // for EL speakers. 
The mean F1 and F2 values of the eight Cantonese vowels among the speaker groups 
are compared in Figures 1 and 2. For F1, with respect to the NL speech, the relative 
differences of F1 of the eight vowels could be maintained in the four groups of alaryngeal 
speakers, with the exception of the vowels /i/ and /y/ of the PA and EL speech. For the 
second formant values, with respect to the NL speech, the relative differences among the 
vowels could be maintained in the SE and TE speakers, but not in PA and EL speakers.  
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Table 1. Mean values and standard deviations for F1 and F2 (in Hz) of Cantonese vowels produced by five groups of speakers 
Group 
Mean (in Hz) 
(SD) 
/i/ /y/ // // // /a/ /u/ // 
F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 
NL 
257 
(23) 
2254 
(143) 
264 
(26) 
1978 
(237) 
526 
(53) 
1901 
(179) 
512 
(55) 
1528 
(87) 
743 
(55) 
1381 
(118) 
795 
(54) 
1248 
(89) 
393 
(55) 
908 
(485) 
545 
(54) 
831 
(117) 
                 
EL 
769 
(226) 
2251 
(352) 
771 
(227) 
2145 
(350) 
705 
(66) 
1812 
(313) 
691 
(80) 
1686 
(174) 
967 
(99) 
1514 
(143) 
999 
(134) 
1409 
(184) 
658 
(98) 
1455 
(612) 
726 
(73) 
931 
(100) 
                 
PA 
511 
(218) 
1802 
(238) 
573 
(308) 
1797 
(186) 
634 
(134) 
1848 
(180) 
607 
(147) 
1695 
(219) 
875 
(153) 
1423 
(118) 
911 
(112) 
1319 
(99) 
580 
(97) 
1267 
(209) 
670 
(62) 
1186 
(196) 
                 
SE 
383 
(113) 
2357 
(322) 
339 
(69) 
2211 
(311) 
592 
(80) 
2135 
(201) 
565 
(78) 
1735 
(267) 
850 
(157) 
1564 
(174) 
898 
(130) 
1364 
(181) 
457 
(73) 
1067 
(540) 
620 
(70) 
929 
(153) 
                 
TE 
397 
(316) 
2366 
(471) 
377 
(209) 
2130 
(355) 
553 
(81) 
2100 
(212) 
530 
(87) 
1650 
(182) 
775 
(124) 
1486 
(196) 
795 
(104) 
1358 
(160) 
450 
(142) 
999 
(336) 
528 
(101) 
924 
(235) 
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Figure 1. Mean F1 and F2 values of Cantonese vowels produced by NL, PA and EL speakers. 
 
 
Figure 2. Mean F1 and F2 values of Cantonese vowels produced by NL, SE and TE speakers. 
A one-way Analysis of Variance (ANOVA) was performed for the eight Cantonese 
vowels (/a/, //, //, /i/, //, /u/, // and /y/) with F1 and F2 as dependent variables and 
speaker groups (NL, EL, PA, SE and TE) as factor. Significant main effects among speaker 
groups were found for both F1 and F2 of all vowels.  
Tukey HSD post hoc tests were carried out for each vowel to determine the 
differences among speaker groups in F1 and F2.  
Vowel /a/ 
For the F1 values of vowel /a/, significant differences were found between NL and EL, 
NL and PA, NL and SE, EL and PA, EL and SE, EL and TE, PA and TE, and SE and TE 
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speakers (p < 0.05), but no significant differences were found between NL and TE, and PA 
and SE speakers. 
For the F2 values of vowel /a/, significant differences were found between NL and EL, 
NL and SE, and NL and TE speakers (p<0.05), but no significant differences were found 
between NL and PA, EL and PA, EL and SE, EL and TE, PA and SE, PA and TE, and SE 
and TE speakers.  
Vowel // 
For the F1 values of vowel //, significant differences were found between NL and 
EL, NL and PA, NL and SE, EL and PA, EL and SE, EL and TE, and PA and TE speakers 
(p<0.05), but no significant differences were found between NL and TE, PA and SE, and SE 
and TE speakers. 
For the F2 values of vowel //, significant differences were found between NL and 
EL, NL and SE, and PA and SE speakers (p<0.05), but no significant differences were found 
between NL and PA, NL and TE, EL and PA, EL and SE, EL and TE, PA and TE and SE and 
TE speakers. 
Vowel // 
For the F1 values of vowel //, significant differences were found between NL and 
EL, NL and PA, NL and SE, EL and PA, EL and SE, EL and TE, and PA and TE speakers 
(p<0.05), but no significant differences were found between NL and TE, PA and SE and SE 
and TE speakers. 
For the F2 values of vowel //, significant differences were found between NL and SE, 
NL and TE, EL and SE, EL and TE, PA and SE, and PA and TE speakers (p<0.05), but no 
significant differences were found between NL and EL, NL and PA, EL and PA, and SE and 
TE speakers. 
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Vowel /i/ 
For the F2 values of vowel /i/, significant differences were found between NL and EL, 
NL and PA, EL and PA, EL and SE, and EL and TE speakers (p<0.05), but no significant 
differences between NL and SE, NL and TE, PA and SE, PA and TE, and SE and TE 
speakers.  
For the F2 values of vowel /i/, significant differences were found between NL and PA, 
EL and PA, PA and SE, and PA and TE speakers (p<0.05), but no significant differences 
were found between NL and EL, NL and SE, NL and TE, EL and SE, EL and TE, and SE and 
TE speakers. 
Vowel // 
For the F1 values of vowel //, significant differences were found between NL and 
EL, NL and PA, NL and SE, EL and PA, EL and SE, EL and TE, PA and SE, PA and TE, 
and SE and TE speakers (p<0.05), but no significant differences were found between NL and 
TE speakers.  
For the F2 values of vowel //, significant differences were found between NL and 
PA, EL and PA, PA and SE, and PA and TE speakers (p<0.05), but no significant differences 
were found between NL and EL, NL and SE, NL and TE, EL and SE, EL and TE, and SE and 
TE speakers. 
Vowel /u/ 
For the F1 values of vowel /u/, significant differences were found between NL and EL, 
NL and PA, EL and PA, EL and SE, EL and TE, PA and SE, and PA and TE speakers 
( p<0.05), but no significant differences between NL and SE, NL and TE, and SE and TE 
speakers.  
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For the F2 values of vowel /u/, significant differences were found between NL and EL, 
NL and PA, EL and SE, and EL and TE speakers (p<0.05), but no significant differences 
were found between NL and SE, NL and TE, EL and PA, PA and SE, PA and TE, and SE 
and TE speakers. 
Vowel // 
For the F1 values of vowel //, significant differences were found between NL and 
EL, NL and PA, EL and PA, EL and SE, EL and TE, and PA and TE speakers (p>0.05), but 
no significant differences were found between NL and SE, NL and TE, PA and SE, and SE 
and TE speakers.  
For the F2 values of vowel //, significant differences were found between NL and 
EL, NL and PA, and NL and SE speakers (p<0.05), but no significant differences were found 
between NL and TE, EL and PA, EL and SE, EL and TE, PA and SE, PA and TE, and SE 
and TE speakers. 
Vowel /y/ 
For the F1 values of vowel /y/, significant differences were found between NL and EL, 
NL and PA, EL and PA, EL and SE, EL and TE, PA and SE, and PA and TE speakers 
(p<0.05), but no significant differences were found between NL and SE, NL and TE, and SE 
and TE speakers.  
For the F2 values of vowel /y/, significant differences were found between NL and SE, 
EL and PA, PA and SE, and PA and TE speakers (p<0.05), but no significant differences 
were found between NL and EL, NL and PA, NL and TE, EL and SE, EL and TE, and SE 
and TE speakers. 
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Perceptual Analysis 
Acoustic vowel spaces of the five groups of speakers are depicted in Figures 3 (EL, 
PA vs. NL) and 4 (SE, TE vs. NL). A striking similarity was seen in the vowel spaces of NL, 
SE and TE speech. Yet, PA and EL speech demonstrated greater deviations in vowel spaces 
than in NL speech. Among the three quantal vowels /i/, /u/, and /a/ produced by NL, PA and 
EL speakers, the vowel /a/ was found to be the closest to each other. Besides, the vowel /u/ 
produced by PA and EL speakers was spaced more closely to /a/ than to /u/ in NL speech. 
Confusion matrices (Tables 2-6) were constructed for the five speaker groups in order 
to compare the percentages of correct vowel identification. Tables 2-6 indicate that listeners 
achieved highest percent correct in identifying vowels produced by NL speakers (93.5%), 
followed by those produced by EL (89.6%), PA (77.1%), TE (73.6%) and SE (70.1%) 
speakers. From the confusion matrix for NL speech (Table 2), the vowels // and // were 
easily confused with each other, and /y/ was easily confused with /i/. The confusion patterns 
of the above vowels were also observed for the four types of alaryngeal speech. Other 
confusion patterns included that of /i/ and /y/ in EL and PA speech, /a/ and //, /a/ and //, // 
and /a/, /i/ and //, // and //, /u/ and /y/, // and /u/, and /y/ and // in SE speech, and /a/ 
and //, // and /a/, /i/ and //, // and /i/, /u/ and /y/, // and /u/, // and /y/, and /y/ and // 
in TE speech.  
 
Figure 3. Vowel spaces of the vowels produced by NL, EL and PA speakers. 
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Figure 4. Vowel spaces of the vowels produced by NL, SE and TE speakers. 
 
Table 2. Confusion matrix for perception of Cantonese vowels produced by NL speakers. 
 
percent correct 
identification 
Vowel presented 
/i/ /y/ // // // /a/ /u/ // 
V
o
w
el
 p
er
ce
iv
ed
 
/i/ 95.83 10.17 0.17 0.17 0.00 0.00 0.50 0.00 
/y/ 3.67 88.33 0.50 0.67 0.00 0.00 0.00 0.00 
// 0.17 0.00 88.00 13.00 0.33 0.00 0.00 0.00 
// 0.00 0.00 10.67 85.17 0.50 0.17 0.00 0.83 
// 0.17 0.00 0.33 0.33 99.17 0.50 0.00 0.00 
/a/ 0.00 0.33 0.00 0.17 0.00 99.33 0.00 5.50 
/u/ 0.17 1.00 0.17 0.50 0.00 0.00 99.00 0.33 
// 0.00 0.17 0.17 0.00 0.00 0.00 0.50 93.17 
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Table 3. Confusion matrix for perception of Cantonese vowels produced by EL speakers. 
 percent correct 
identification 
Vowel presented 
/i/ /y/ // // // /a/ /u/ // 
V
o
w
el
 p
er
ce
iv
ed
 
/i/ 88.83 19.33 0.50 0.17 0.00 0.17 0.33 0.00 
/y/ 10.50 78.50 0.00 0.17 0.00 0.00 0.00 0.33 
// 0.17 0.50 81.00 15.17 0.00 0.17 0.33 0.17 
// 0.00 0.17 18.00 84.17 0.00 0.33 0.00 0.67 
// 0.17 0.17 0.17 0.00 98.33 4.00 0.17 0.17 
/a/ 0.00 0.17 1.50 0.00 1.50 95.00 0.00 4.00 
/u/ 0.33 1.17 0.33 0.33 0.00 0.17 97.00 0.33 
// 0.00 0.00 1.83 0.00 0.17 0.17 2.17 94.17 
 
Table 4. Confusion matrix for perception of Cantonese vowels produced by PA speakers. 
 
percent correct 
identification 
Vowel presented 
/i/ /y/ // // // /a/ /u/ // 
V
o
w
el
 p
er
ce
iv
ed
 
/i/ 53.17 10.17 0.33 0.00 0.17 0.00 0.67 0.00 
/y/ 43.17 79.00 0.67 1.33 0.00 0.00 1.00 0.00 
// 1.83 1.17 65.83 21.50 0.00 0.17 0.67 0.67 
// 0.50 5.50 26.83 68.33 0.67 8.33 1.83 4.50 
// 0.50 0.17 0.50 0.50 98.17 3.33 0.33 0.17 
/a/ 0.33 0.17 4.00 4.00 0.83 86.67 0.00 8.17 
/u/ 0.50 3.83 0.33 0.00 0.00 0.00 80.67 1.83 
// 0.00 0.00 1.50 4.33 0.17 1.50 14.67 84.67 
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Table 5. Confusion matrix for perception of Cantonese vowels produced by SE speakers. 
 percent correct 
identification 
Vowel presented 
/i/ /y/ // // // /a/ /u/ // 
V
o
w
el
 p
er
ce
iv
ed
 
/i/ 72.00 22.67 9.50 0.33 0.17 0.00 1.67 0.17 
/y/ 8.33 60.50 3.17 6.33 0.00 0.00 10.83 0.00 
// 0.17 0.33 77.83 20.83 2.33 16.83 0.83 2.33 
// 0.33 0.17 7.17 55.67 0.67 0.83 1.67 14.00 
// 0.67 14.83 2.00 2.33 78.00 11.67 0.33 2.17 
/a/ 1.17 0.00 0.00 0.17 18.67 70.33 0.00 9.67 
/u/ 1.33 1.50 0.00 11.83 0.00 0.17 76.33 1.17 
// 16.00 0.00 0.33 2.50 0.00 0.17 8.33 70.50 
 
Table 6. Confusion matrix for perception of Cantonese vowels produced by TE speakers. 
 percent correct 
identification 
Vowel presented 
/i/ /y/ // // // /a/ /u/ // 
V
o
w
el
 p
er
ce
iv
ed
 
/i/ 72.17 13.83 21.83 0.17 0.00 0.00 2.00 0.00 
/y/ 6.00 62.33 0.17 0.50 0.00 0.00 19.33 0.33 
// 0.17 0.00 64.50 11.83 0.67 12.50 0.17 1.00 
// 0.50 0.67 12.67 68.17 1.00 3.67 0.17 5.17 
// 2.33 17.67 0.33 0.50 75.67 1.17 0.17 0.67 
/a/ 0.17 0.17 0.17 0.67 22.67 82.50 0.17 4.67 
/u/ 1.00 2.00 0.17 17.67 0.00 0.00 77.50 2.50 
// 17.67 0.00 0.17 0.50 0.00 0.17 0.50 85.67 
 
20 
Discussion 
According to the source-filter theory, the sound source and supralaryngeal filter are 
independent of each other. Removing solely the laryngeal source should not lead to any 
change in the filtering properties of the supralaryngeal filter, and the formant values should 
not be changed. However, contradictory findings were observed in the present study. Both the 
first and second formant values (F1 and F2) were found to be significantly higher in 
alaryngeal speech than in laryngeal (NL) speech. The finding was consistent with previous 
studies reported by Cervera et al. (2001), Sistey and Weinberg (1972), and van As et al. 
(1997).  
Formant pattern is determined by the configuration of supralaryngeal filter. Formant 
values change with a change in the vocal tract configuration. As the length of vocal tract 
increases, the formant values are reduced, and vice versa. The increased format values 
observed in current study may be attributed to the reduced the length of vocal tract after 
laryngectomy.  
The larynx and the attached tissues, ranged from the base of the tongue to the trachea, 
are removed during laryngectomy. The surgical site is closed by suturing the anterior fibers 
of the inferior pharyngeal constrictor and the anterior fibers of the cricopharyngeus, which 
were attached to the larynx and the cricoid cartilage respectively (Diedrich, 1999). Assuming 
the configuration of the oral cavity remains unchanged after laryngectomy, the location of 
sound source becomes a crucial factor in explaining the higher formant values.  
SE and TE Speech 
During SE and TE phonation, the new sound source, the PE segment, is set into 
vibration. Both F1 and F2 values were found to be significantly higher in SE and TE speech 
than in NL speech. It follows that the level of PE segment in SE and TE speakers was 
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relatively higher than that of vocal folds in NL speakers, rendering a shortened vocal tract 
length for resonation during vowel production of vowels, when compared with NL speakers. 
Several studies investigated the configuration and the level of the PE segment in alaryngeal 
speakers were documented. By using videofluoroscopy, van As, Op de Coul, van den Hoogen, 
Koopmans-van Beinum and Hilgers (2001) reported that the PE segment is located at the 
level of the 4
th
 to 5
th
 cervical vertebra (C4-C5), and observed an upward shift of the PE 
segment from C4/C5 to C3/C4 during TE phonation. They explained the phenomenon by the 
energy of pulmonary air during exhalation. Bentzen, Guld and Rasmussen (1976) 
investigated the SE phonation by using x-ray video-tape study and found that high-seated PE 
segment was located at the level of the C4 to C5, and low-seated PE segment, was located at 
the level of the C6 to C7. They also reported that high-seated PE segment during SE 
phonation was associated with better SE phonation. Damsté, van den Berg and Moolenaar-
Bijl, and Diedrich and Youngstrom as cited in Diedrich (1999) reported that the PE segment 
might vibrate at a level as high as in the hypopharynx at C2 to C3 upon phonation in some SE 
speakers. Damsté and Lerman (1969) studied the x-ray images of the PE segment and found 
that the PE segment was situated at the level of C4 to C5 during SE phonation.  
Bentzen et al. (1976) reported better voice quality for the SE speakers with high-
seated PE segment. Since superior SE speakers were recruited in the current study, it can be 
hypothesized that the SE speakers participated in the current study have high-seated PE 
segment. To conclude, for most of the alaryngeal speakers, the PE segment is at the level of 
C4 to C5 when at rest, and it is at the level of C3 to C5 during SE and TE phonation. 
Comparing the level of vocal folds at C5 (Moller & Reif, 1994), the PE segment in alaryngeal 
speakers is seated at a slightly higher position when at rest, resulting in a slightly shorter 
vocal tract for resonance. The level of PE segment shifts further upward during the SE and 
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TE phonation, resulting in an even shorter vocal tract length for resonance. The shortened 
vocal tract length can explain the significantly higher formant values obtained from the 
vowels.  
PA Speech 
In PA speech, sound is generated by the vibration of rubber reed located inside the 
pneumatic artificial larynx. The sound energy is then transmitted to the oral cavity by the 
mouth tube. Instead of outward propagation of sound wave in NL speakers using vocal folds, 
the sound wave propagates from the opening of the mouth tube posteriorly towards the larynx. 
The backward propagation of the sound wave may cause some of the sound energy to reflect 
and propagate anteriorly towards the lip when it reaches the pharyngeal wall. The secondary 
waveform will then interfere with the original waveform and results in a more complex 
resonance pattern. The direction of sound wave propagation is different from that in NL, SE 
and TE speech, in which the sound wave generated by the vocal folds and PE segment 
propagate from the glottis anteriorly towards the lip. The different direction of sound wave 
propagation and the complex resonance make the SE and TE speech and PA speech not 
comparable. 
Applying the tube model to the case of PA speech, as the new sound source is not 
located at the end of the resonant tube as in SE, TE and NL speakers, the oral cavity anterior 
and posterior to the opening of the mouth tube of the pneumatic artificial larynx can be 
considered as the back tube and front tube of resonant respectively. Both tubes contribute 
comparably to oral resonance. Since most of the sound energy resonates in the front tube, the 
length of the resonant tube for calculating the formant values can be considered as the length 
of the front tube only, i.e. from the opening of the mouth tube to the level of PE segment at 
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rest. Since the front tube is shorter than the length of vocal tract in SE and TE speakers, the 
formant values in PA speech were even higher than in SE and TE speech.  
EL Speech 
The vibration generated by the vibratory diaphragm of electrolarynx serves as the new 
source of EL phonation. As the electrolarynx is placed at the anterolateral part of the neck, 
the muscle of the floor of the mouth will be set into vibration and the energy is then 
transmitted into the oral cavity. The sound wave propagates from the floor of the mouth 
superiorly towards the palate. Some of the energy reflect and propagate inferiorly towards the 
floor of the mouth and further towards the PE segment in inferior part of the pharynx when it 
reaches the palate. The secondary waveform will then interfere with the original waveform 
and results in a complex resonance. The direction of sound wave propagation in EL speech is 
different from that in NL, SE, TE and PA speech, and this makes EL incomparable with the 
other three types of alaryngeal speech.  
Applying the tube model to the case of EL speech, as the new sound source is not 
located at the end of the resonant tube as in SE, TE and NL speakers, the oral cavity superior 
and inferior to the floor of the mouth can be considered as the front tube and back tube of 
resonant respectively. Since most of the sound energy resonates in the front tube, the length 
of the resonant tube for calculating the formant values can be considered as the length of the 
front tube only, i.e. without the part range from the floor of the mouth to the level PE 
segment. Since the front tube is shorter than the length of vocal tract in SE and TE speakers, 
the formant values in EL speech were even higher than in SE and TE speech.  
Perception of Vowels  
In the confusion matrix for the NL speaker, high percentage of vowel identification 
was noted. However, the two vowel pairs (// and //, and /i/ and /y/) appeared to be more 
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confusing. This perhaps is due to the similar F1 values in the pairs, and it can be 
hypothesized that naïve listeners were not sensitive to differences in F2 values. For the 
vowels // and //, there is a higher tendency for the listeners to perceive // as // than to 
perceive // as //. Similarly for the vowels /i/ and /y/, there is a higher tendency for the 
listeners to perceive /y/ as /i/ than /i/ as /y/. This can be explained by the different frequencies 
of occurrence of the vowels in Cantonese. Since the vowels /i/ and // have higher frequency 
of occurrence than the vowels /y/ and // (Stokes & Wong, 2002), it can be hypothesized that 
the listeners tended to identify the vowels as the ones with higher frequency of occurrence 
(heard more frequently) when they were not sure about the perceived vowels.  
From the confusion matrices of the four types of alaryngeal speech, although the 
overall percent correct identification of vowels was lower in alaryngeal speech, the confusion 
patterns in all four types of alaryngeal speech were found similar to that of NL speech, in 
which the two vowel pairs (// and //, and /i/ and /y/) appeared to be more confusing. There 
is also a higher tendency of perceiving // as // than // as // in all four types of alaryngeal 
speech, and perceiving /y/ as /i/ than /i/ as /y/ in SE, TE and EL speech, with the exception of 
the confusion pattern in the vowel pair /i/ and /y/ in PA speech. In PA speech, there is a 
higher tendency of perceiving /i/ as /y/ than /y/ as /i/. This can be explained by the limitation 
associated with the pneumatic artificial larynx. Since the PA speakers had to hold the mouth 
tube when they speak, they may be not able to demonstrate appropriate lip spread in the 
production of /i/, a lip-rounded vowel /y/ were produced instead. 
Among the alaryngeal speakers, the listeners achieved the highest percent correct 
identification of the vowels produced by EL speakers, followed by those by PA, TE and SE 
speakers. However, the comparison of vowel space of NL and alaryngeal speech (Figures 3 
and 4) showed similar vowel spaces among NL, SE and TE speech, and greater deviation was 
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observed among NL, PA and EL speech. This suggests that apart from articulation, there are 
other factors contributing to the vowel perception of alaryngeal speech.  
 
Limitations 
 The current study investigated the vowels produced by different types of alaryngeal 
speakers of Cantonese. The participants produced Cantonese vowels in a carrier phrase 
context /35 jiu33 tuk2 ___ pei35 nei33 t
h
e55/ (“I want to read ___ to you”). However, co-
articulations of the vowels with the final consonant /k/ and the initial consonant /p/ in the 
carrier phrase were observed in some speech samples. This may affect the vowel 
identification in acoustic analysis and also in the listening experiment in perceptual analysis. 
Further investigation on the production of isolated vowel is suggested.  
In addition, the present study addressed alaryngeal speakers’ ability to produce 
isolated Cantonese vowels, but the findings cannot be generalized to the vowel production in 
connected speech such as passage reading. Future studies on vowel production in connected 
speech are suggested in order to compare the performance between the different contexts. 
 
Conclusion 
 Acoustic analysis revealed incomparable F1 and F2 of Cantonese vowels for 
alaryngeal and NL speech. The F1 and F2 values of Cantonese vowels produced by 
alaryngeal speakers were higher than that by NL speakers, with the exception that F2 of //, 
/i/ and /y/ for PA speakers, and F2 of // for EL speakers. This suggests that a number of 
factors should be considered when applying the source-filter theory to predict the formant 
values. The considerations include the location of new sound source and the direction of 
sound wave propagation. 
26 
The comparison of vowel space revealed similar articulatory pattern for SE, TE and 
NL speech, but more deviation for PA and EL speech. Whether it implies more similar 
articulation to NL speakers for other sounds (diphthongs and consonants) and in other context 
(sentence and narrative level) is to be confirmed. Although deviation of articulation pattern 
were observed EL speech, listeners achieved highest percentage correct in identifying vowel 
produced by EL speech among alaryngeal speech. This suggests that, apart from articulation, 
other factors are contributing to the correct vowel identification.  
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